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Abstract
The interface potential approach is used to compute interfacial properties of a model system consisting of water at
a structureless non-polar surface. Both spreading and drying versions of the method, in which one focuses on the
growth of a thin liquid and vapor ﬁlm from the surface, respectively, are employed. We examine the substrate strength
dependence of interfacial properties, including the spreading and drying coeﬃcients, contact angle, and liquid-vapor
surface tension, at a temperature of 500 K as well as the temperature dependence of these properties for a surface of
moderate strength.
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1. Introduction
Fluids routinely interact with solid substrates in industrial processes, natural phenomena, and throughout our daily
experiences. Examples vary from the use of liquid detergents to clean stained fabric to the collection of rain water onto
tree leaves. The interfacial properties of such systems feature prominently in the design of various devices, additives,
and fabrics. In this work, we describe a general molecular simulation strategy for computing interfacial properties.
The approach that we pursue focuses on the computation and subsequent analysis of an interface potential [1, 2],
which provides the surface excess free energy as a function of the thickness of a ﬂuid ﬁlm in contact with a substrate.
This technique [3] provides several advantageous features. First, the approach does not require the establishment
of a nanodroplet on the substrate. Therefore, one avoids formation of the three phase contact line and the potential
complications that stem from this structure [4, 5]. Second, because the method is based upon the calculation of
free energies, one can devise schemes that enble one to eﬃciently connect multiple states of interest (e.g. state
points, substrate conditions). The third issue we highlight is related to the study of interfacial phenomena involving
heterogeneous substrates [6, 7]. The interface potential approach focuses on a thin ﬁlm, and therefore simulations can
be completed with a substrate that spans just one period of a heterogeneity of interest. As a result, one is able to probe
relatively large-scale heterogeneities with reasonable system sizes.
There are two versions of this general strategy that we puruse [3]: (1) a “spreading” method in which one focuses
on the growth of a liquid ﬁlm from a substrate in a mother vapor and (2) a “drying” method in which one focuses
on the growth of a vapor ﬁlm from a substrate in a mother liquid. The spreading method is designed for systems
characterized by moderate to strong substrate-ﬂuid interaction strength, whereas the drying method is designed for
systems characterized by weak to moderate substrate-ﬂuid interaction strength (e.g. ﬂuids near superhydrophobic and
superoleophobic surfaces).
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In a previous report [3] we detailed this approach and provided examples of its use to characterize the wetting
properties of Lennard-Jones systems. Here, we demonstrate application of these methods to a model system consisting
of water at a ﬂat non-polar surface. In what follows, we ﬁrst sketch the molecular simulation methods used to compute
interfacial properties of interest. We then introduce the model and subsequently provide results that show how wetting
properties evolve with temperature and the strength of the substrate-ﬂuid interaction.
2. Methods
We begin by outlining the drying method [3]. Within this approach the interface potential provides the surface
excess free energy Vd (l) as a function of the thickness l of a vapor ﬁlm in contact with a substrate and background
liquid at temperature T and chemical potential μ. Here, we focus on wetting properties, and therefore restrict our
attention to state conditions along the bulk liquid-vapor saturation line (T, μb). An example of Vd for a system in the
partial wetting regime is provided in Figure 1. For partial wetting conditions, a global minimum emerges at low l = lliq
followed by a plateau region at relatively high l = lplat. The global minimum corresponds to a physical situation in
which a liquid is in contact with the solid, and the associated free energy Vd
(
lliq
)
is related to the excess free energy of
a solid-liquid interface γslA. The plateau region is associated with a vapor ﬁlm in contact with the solid and a liquid,
and therefore Vd
(
lplat
)
is related to the excess free energy due to a solid-vapor and liquid-vapor interface (γsv + γlv) A.
The drying coeﬃcient d is deﬁned as the diﬀerence between these two free energies, as is illustrated in Figure 1,
d = γsl − (γsv + γlv) = 1A
[
Vd
(
lliq
)
− Vd
(
lplat
)]
(1)
Figure 1: Drying interface potential collected at T = 500 K with sf = 3.33 kJ/mol. Simulation cell images represent typical particle conﬁgurations
at the ﬁlm thickness indicated. The lower blue surface is the substrate of interest (SOI). The upper gray surface corresponds to a sticky wall.
Within the spreading method [8] the interface potential provides the surface excess free energy Vs as a function
of the thickness (surface density) l of a liquid ﬁlm in contact with a substrate and background vapor at temperature T
and chemical potential μb. The general features of the spreading potential are similar to those of the drying potential.
Examples of Vs for a Lennard-Jones system are found in [3, 6, 8, 9, 10]. The qualitative features that the spreading
potential adopts under diﬀerent wetting scenarios have been described in a number of theoretical studies [1, 2, 11].
For partial wetting conditions, a global minimum emerges at low l = lvap followed by a plateau region at relatively
high l = lplat. The global minimum corresponds to a physical situation in which a vapor is in contact with the solid,
and the associated free energy Vs
(
lvap
)
is related to the excess free energy of a solid-vapor interface γsvA, where γ
is the interfacial tension and A is the cross-sectional area of the interface. The plateau region is associated with a
liquid ﬁlm in contact with the solid and a vapor. It follows that Vs
(
lplat
)
is related to the excess free energy due to a
46   Vaibhaw Kumar and Jeffrey R. Errington /  Physics Procedia  53 ( 2014 )  44 – 49 
solid-liquid and liquid-vapor interface (γlv + γsl) A. The spreading coeﬃcient s is deﬁned as the diﬀerence between
these two free energies, and therefore one can extract this quantity directly from a Vs (l) curve
s = γsv − (γsl + γlv) = 1A
[
Vs
(
lvap
)
− Vs
(
lplat
)]
(2)
At the wetting and drying points, s = 0 and d = 0, respectively. When s and d are negative, as is the case in Figure
1, the contact angle is nonzero, indicating that in the macroscopic limit ﬂuid lenses develop on the substrate surface.
The coeﬃcients s and d share simple relationships with the contact angle θ,
cos θ =
(
1 +
s
γlv
)
= −
(
1 +
d
γlv
)
(3)
Upon acquiring either s or d, one can compute the contact angle, provided the surface tension γlv is known. If
one obtains both s and d at a given state point, then cos θ and γlv can be obtained in a self-consistent manner via
rearrangement of the terms in Eq. (1),
s + d = −2γlv (4)
s − d = 2γlv cos θ (5)
We now brieﬂy address how the interface potential is acquired via molecular simulation. From a statistical me-
chanics perspective, the surface excess free energy is directly related to the grand canonical ensemble particle number
probability distribution Π (N),
Vx(N) = −kBT lnΠ (N) (6)
where kB is Boltzmann’s constant and x refers to s or d. The ﬁlm thickness l scales linearly with the particle number
N [3], and therefore one can readily associate l with N. Interfacial grand canonical Monte Carlo simulations with
advanced sampling schemes [12] are employed to obtain Π (N). A rectangular parallelepiped simulation box is con-
structed with the substrate of interest (SOI) placed at one end and a structureless wall located at the other end. For
the spreading method, the structureless wall is taken to be a hard wall. With this setup, ﬂuid molecules preferentially
absorb on the SOI and a liquid ﬁlm grows from the SOI as the particle number increases. For the drying method, the
structureless wall is taken to be a “sticky” wall characterized by a short-range attractive potential (e.g. square well
or triangle potential with a range of a few particle diameters). With this setup, ﬂuid molecules preferentially absorb
on the sticky wall and a vapor ﬁlm in contact with the SOI thins as the particle number increases. The system is
taken to be periodic in the directions parallel to the SOI and nonperiodic in the direction perpendicular to the SOI.
The cross-sectional area of the box is speciﬁed by the SOI and the height is set such that suﬃcient space exists for
the establishment of a liquid or vapor ﬁlm (wetting or drying method, respectively) of moderate thickness within the
mother phase.
We are often interested in understanding how interfacial properties vary with thermodynamic variables (e.g. tem-
perature) or substrate characteristics (e.g. substrate strength). To do so in an eﬃcient manner, we have developed
strategies that enable us to obtain such information without computing the full interface potential at each state point
of interest. Determination of the contact angle via the approach outlined above requires knowledge of the interface
potential at two values of the ﬁlm thickness only. These include the ﬁlm thickness that corresponds to the global
minimum and any ﬁlm thickness within the plateau region. Given that we are interested in a state function, thermo-
dynamics allows us to connect the free energy at diﬀerent state points via any convenient path. Therefore, we have
developed a series of simulation strategies that allow one to arrive at a state of interest by following a sequence of
paths that are relatively easy to sample [3]. As an illustrative example, consider determination of the temperature de-
pendence of the contact angle for a given ﬂuid-substrate combination. To acquire this curve, we might ﬁrst obtain an
interface potential at relatively high temperature (where grand canonical simulations are relatively easy to complete)
and subsequently perform simulations that provide the free energies of the global minimum and plateau region of
the interface potential as a function of temperature while moving along the bulk liquid-vapor saturation line. These
temperature-varying paths can be sampled via an expanded ensemble technique [13] in which one gradually evolves
from one state to another via a series of subensembles. More speciﬁcally, we perform grand canonical temperature
expanded ensemble simulations in which the temperature and chemical potential both vary in a manner that traces the
bulk liquid-vapor saturation line. Note that the (T, μb) relationship is established ﬁrst by completing simulations with
the bulk ﬂuid.
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3. Model System
We consider a system consisting of water in the presence of a structureless substrate. We work with the SPC/E
water model studied by Werder et al. [14], for which the Lennard-Jones and electrostatic interactions are truncated at
a separation distance of 10 Å. The energy of interaction usf between the substrate and a ﬂuid particle separated by a
distance z is given by the Lennard-Jones 9-3 potential,
usf (z) = sf
[
2
15
(
σsf
z
)9
−
(
σsf
z
)3]
(7)
with σsf = 3.5Å and variable sf (see below).
Interfacial simulations are completed with A = 1600 Å2 and H = 100 Å. The approach outlined here requires
the evaluation of probability distributions that typically span many orders of magnitude. The techniques that we
employ to compute these distributions are outlined in [7]. Statistical uncertainties are determined by performing four
independent sets of simulations. The standard deviation of the results from the four simulation sets is taken as an
estimate of the statistical uncertainty.
4. Results and Discussion
Figure 2 provides the substrate strength dependence of several interfacial properties at T = 500 K. To acquire these
data, we performed four simulations using the spreading method: a grand canonical (GC) simulation that captures the
full interface potential Vs (l) at sf = 16.63 kJ/mol, a GC simulation to capture the minimum in Vs (l) at sf = 3.33
kJ/mol, a substrate strength expanded ensemble (SEE) simulation that traces the free energy of a relatively thick liquid
ﬁlm (plateau region) from sf = 2.49 to 18.29 kJ/mol in increments of 0.04 kJ/mol, and an analogous SEE simulation
that follows the global minimum within the interface potential. Collectively, these simulations provide s(sf). We also
conduct three simulations using the drying method: a GC simulation that captures the full interface potential Vd (l) at
sf = 3.33 kJ/mol (see Figure 1), a SEE simulation that traces the free energy of a relatively thick vapor ﬁlm (plateau
region) from sf = 0.83 to 4.82 kJ/mol in increments of 0.04 kJ/mol, and an analogous SEE simulation that follows
the global minimum within the interface potential. Collectively, these simulations provide d(sf). We then compute
γlv and cos θ as a function of sf using Eqs. (4) and (5). The curve for cos θ is then extended to lower and higher sf
using Eq. (3).
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Figure 2: Substrate strength dependence of interfacial proeprties at T = 500 K. The left axis provides the scale for s, d, and γlv. The right axis
provides the scale for cos θ. The solid and dashed portions of the cos θ curve represent those regions in which both spreading and drying coeﬃcient
data are available versus just having one of the two available.
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The s(sf) and cos θ(sf) curves are nearly linear in the region around the wetting point, indicating that the system
exhibits a ﬁrst-order wetting transition. The data for s(sf) enable one to readily locate the wetting point at sf,w = 4.85
kJ/mol. Note that the s > 0 (cos θ > 1) conditions correspond to metastable states that appear naturally within
the interface potential approach. As the system approaches the drying point, d(sf) and cos θ(sf) exhibit signiﬁcant
curvature. As is expected, the variation in γlv with sf is negligible. We obtain γlv = 15.3(1) mN/m.
Figure 3 provides the substrate strength dependence of several interfacial properties at sf = 4.16 kJ/mol. Four
additional simulations were completed to obtain these data. To acquire s(T ), we performed a spreading-mode temper-
ature expanded ensemble (TEE) simulation that traces the free energy of a relatively thick liquid ﬁlm (plateau region)
from T = 250 to 525 K, and an analogous TEE simulation that follows the global minimum within the interface po-
tential. To acquire d(T ), we performed a drying-mode TEE simulation that traces the free energy of a relatively thick
vapor ﬁlm (plateau region) from T = 250 to 525 K, and an analogous TEE simulation that follows the global minimum
within the drying interface potential. The quantities s, d, and γlv increase in magnitude with decreasing temperature
in a relatively linear manner. The system remains within the partial wetting regime over the entire temperature range,
with θ ≈ 35o at T = 525 K and θ ≈ 90o at T = 250 K.
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Figure 3: Temperature dependence of interfacial properties at sf = 4.16 kJ/mol. The left axis provides the scale for s, d, and γlv. The right axis
provides the scale for cos θ.
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